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The cellular response to telomere dysfunction in plants was investigated with the use of telomestatin, an inhibitor of human telomerase activity.
Telomestatin bound to plant telomeric repeat sequence, and inhibited telomerase activity in suspension-cultured cells of Arabidopsis thaliana and
Oryza sativa (rice) in a dose-dependent manner. The inhibitor did not affect transcript level of the TERT gene, which encodes the catalytic subunit
of telomerase, in the plant cells. Inhibition of telomerase activity by telomestatin resulted in rapid shortening of telomeres and the induction of cell
death by an apoptosis-like mechanism in Arabidopsis cells. These results suggest that telomerase contributes to the survival of proliferating plant
cells by maintaining telomere length, and that telomere erosion triggers cell death.
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Telomeres are specialized nucleoprotein structures at the
ends of linear eukaryotic chromosomes. They prevent the
chromosomes from undergoing end-to-end fusion, maintain
chromosome integrity, reversibly repress the transcription of
neighboring genes, contribute to the positioning of chromo-
somes in the nucleus, and are required for complete replication
of chromosomes [1]. Like those of other eukaryotic organisms,
the telomeres of most higher plants examined to date consist of
a tandem array of G-rich repeat sequences (typically,
TTTAGGG) that are maintained by the action of telomerase,
a reverse transcriptase that comprises a catalytic proteinAbbreviations: ALT, alternative lengthening of telomeres; TRAP, telomeric
repeat amplification protocol; RT, reverse transcription; PCR, polymerase chain
reaction; TRF, terminal restriction fragment
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doi:10.1016/j.bbamcr.2005.12.002subunit and an RNA subunit [2]. This enzyme specifically
replaces telomeric repeat sequences that are lost during DNA
replication with the use of its intrinsic RNA component as a
template for polymerization [3]. Telomerase is important in
various cellular processes, including cell proliferation, tumor-
igenesis, suppression of apoptosis, and, possibly, DNA repair
[4–6].
In general, telomeric DNA is gradually lost in the absence
of telomerase or telomere-binding proteins or as a result of
inhibition of telomerase activity. A decrease in telomere
length to below a threshold level is thought to induce growth
arrest or senescence, occasionally leading to cell type-
dependent cell death [7]. Indeed, such shortened telomeres
might be recognized as double-strand breaks, thereby
triggering the G2 checkpoint and cell cycle arrest [8]. In
mammals, a mechanism dependent on telomere structures
contributes to cell cycle checkpoint control and apoptosis
mediated by p53 and the kinase ATM [9]. Although
telomerase is the major mediator of telomere elongation,
small fractions of yeast and mammalian cells that lack
telomerase can operate a recombination-dependent mecha-
nism, termed alternative lengthening of telomeres (ALT), that
also mediates efficient telomere elongation and prevents cell
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lines also manifest unstable genomes; however, they survive
for up to 10 generations with increasingly smaller telomeres
and cytogenetic abnormalities, suggesting that plant cells
respond to telomerase dysfunction differently than do
mammalian cells [13].
To gain insight into the mechanism underlying the
response of higher plants to telomere dysfunction, we have
examined the effects in cultured plant cells of telomestatin, a
potent inhibitor of human telomerase isolated from Strepto-
myces anulatus 3533-SV4 [14]. This agent selectively
facilitates the formation of, or stabilizes, intramolecular G-
quadruplex structures and thereby sequesters the single-
stranded (T2AG3)n primer sequences of the telomerase
substrate [15]. Given the sequence similarity of telomeric
repeats apparent between human and plants, we predicted that
the ends of plant telomeres might also form the G-quadruplex
structures that interact with telomestatin. We now show that
telomestatin indeed inhibits telomerase activity in cultured
cells of Arabidopsis thaliana and rice (Oryza sativa), and that
telomestatin-treated cells undergo rapid telomere erosion and
subsequent cell death, suggesting that telomerase activity is
essential for plant cell survival.
2. Materials and methods
2.1. Plant cells and culture conditions
Suspension cultures of Arabidopsis [16] and rice [17] cells were maintained
as previously described [5], with the exception that the incubation temperature
for the rice cells was 25 °C. Cell number was determined with a Thoma counting
chamber (Erma, Tokyo, Japan). Telomestatin [14] was added to cell cultures as a
3-mM stock solution in methanol.
2.2. Assay of telomerase activity
Cell extracts were prepared and were assayed for telomerase activity with a
modified version of telomeric repeat amplification protocol (TRAP) as
previously described [18]. The effect of telomestatin on enzyme activity in
vitro was measured after incubation of cell extract (5 μg of protein) for 30 min at
25 °C with various concentrations of the drug.
2.3. RT-PCR analysis
Total RNA was extracted from cultured cells with the use of an RNeasy
Plant Mini kit (Qiagen, Tokyo, Japan) and was subjected to reverse
transcription (RT) and polymerase chain reaction (PCR) analysis with a
ReverTra Dash kit (Toyobo, Osaka, Japan). Complementary DNA was
synthesized from 1 μg of total RNA with 100 ng of oligo(dT) primer in a 20-
μl reaction volume, with serial incubations for 10 min at 30 °C, 60 min at 42
°C and 5 min at 99 °C. With 1 μl of the reverse transcription product as
template, PCR amplification was then performed with each primer set
described below in a total volume of 20 μl. The amplification protocol
comprised 25 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s.
Preliminary experiments with different cycle numbers showed that the PCR
amplification was not saturated. The PCR primers (forward and reverse,
respectively) included AntT-f (5′-GCGCTAGCTGGCTTTTTTTAGA-
GATTGTC-3′) and C1500-9902 (5′-TATGGAACAGTTGATGTGAATC-3′)
for AtTERT (626-bp product); RT-N (5′-GTGATTCCTGTGGTCCGT-3′) and
RT-C (5′-CCATGTCATGACTGACAC-3′) for OsTERT (469-bp product);
AtUBQ-F (5′-CAATGTCAAGGCCAAGATCCA-3′) and AtUBQ-R (5′-
CAGTTGACAGCTCTTGGGTGA-3′) for AtUBQ1 (258-bp product); andAdh1-f (5′-ATGGCGACCGCAGGGAAGGTG-3′) and Adh1-R (5′-AGT-
GAACACAGGGAGAACATG-3′) for OsADH1 (288-bp product). The latter
two genes were used as internal standards for Arabidopsis and rice and
encode a ubiquitin extension protein and alcohol dehydrogenase, respectively.
A portion (5 μl) of the PCR product was subjected to electrophoresis on a
1.2% agarose gel, which was then stained with GelStar (TaKaRa, Shiga,
Japan). Signals were scanned and quantified with the use of a FluorImager
and ImagequaNT software (Molecular Dynamics), respectively.
2.4. Electrophoretic mobility shift assay
The 5′-end-labeled oligonucleotide was prepared by incubating the oligomer
with T4 polynucleotide kinase and [γ-32P]ATP at 37 °C for 1 h. Labeled DNA
was purified on a Bio-Spin 6 chromatography column (Bio-Rad) after
inactivation of the kinase activity by heating at 70 °C for 10 min. The end-
labeled oligomer (5 nM) was incubated in 10 μl of buffer [50 mM Tris–HCl (pH
7.5), 10 mMMgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 1.5 μg/ l BSA] at 20 °C
for 10 min. The incubation was continued for an additional 30 min after the
addition of various concentrations of telomestatin to the mixture. Samples were
fractionated on a 12% native polyacrylamide electrophoresis with 1x tris-borate-
EDTA buffer as a running buffer and analyzed with phosphorimager BAS1500
system (Fuji Film, Tokyo Japan). For the time-course experiment, the samples
were taken at the times specified in the figures and loaded onto a 12% native
polyacrylamide gel. To measure the effects of telomestatin on the formation of
intermolecular G-quadruplexes, 2 μM of oligomer was used. For competition
assay, end-labeled oligomer PTel4 d(TTTAGGG)4 (5 nM) was incubated with
0.05 μM of telomestatin and various concentrations of unlabeled PTel4 at 20 °C
for 30 min, and analyzed as described above.
2.5. Terminal restriction fragment (TRF) analysis
Genomic DNA was extracted from cultured cells with the use of a
NucleoSpin Plant kit (Japan Genetics, Tokyo, Japan). The DNA (5 μg) was
digested with Tru9I and subjected to Southern hybridization with a digoxigenin-
labeled probe (TTTAGGG)4 for telomeric repeats. Hybridization was detected
with a chemiluminescence system (Roche) and was quantitated with a Scanning
Imager and ImagequaNT software (Molecular Dynamics, Sunnyvale, CA).
2.6. Assay of cell death
Cell mortality was assessed by staining of cells with trypan blue (0.1%)
(Sigma, Tokyo, Japan) and counting of at least 100 cells in each of three
microscopic fields of view per replicate.
2.7. DNA fragmentation analysis
Genomic DNAwas isolated from cultured cells as described previously [19]
and treated with DNase-free RNase A (Sigma). The DNA (5 μg) was then
fractionated by electrophoresis on a 2% agarose gel and stained with ethidium
bromide.
3. Results
3.1. Telomestatin inhibits telomerase activity in Arabidopsis
and rice
To determine whether telomestatin inhibits plant telo-
merases, we incubated suspension-cultured cells of A. thaliana
or rice for 1 h in the presence of various concentrations of the
drug and then measured enzyme activity with the TRAP assay.
The activity of telomerase in both plant species was inhibited by
telomestatin in a dose-dependent manner, with complete
inhibition apparent at a drug concentration of 50 to 100 μM
(Fig. 1A). The inhibitory effects were probably due to carrying
Fig. 1. Inhibition of plant telomerases by telomestatin. (A) Effects of
telomestatin on telomerase activity in suspension-cultured cells of Arabidopsis
and rice. Cells were cultured for 1 h in the presence of the indicated
concentrations of telomestatin, after which cell extracts were prepared and
assayed for telomerase activity with the TRAP assay. (B) Effects of telomestatin
on telomerase activity in cell extracts of Arabidopsis and rice. Cell extracts (5 μg
of protein) were incubated for 30 min at 25 °C with the indicated concentrations
of telomestatin before determination of telomerase activity with the TRAP assay.
(C) Time course of telomerase inhibition in plant cells by telomestatin.
Arabidopsis cells in suspension culture were incubated for the indicated times
with telomestatin (50 μM), after which cell extracts were prepared and subjected
to the TRAP assay. In all panels, the lanes marked “H” indicate that the cell
extract was heated for 10 min at 95 °C as a negative control.
Fig. 2. Lack of effect of telomestatin on transcript level of AtTERT and OsTERT.
Cultured Arabidopsis (A) or rice (B) cells were incubated in the absence of
telomestatin (lane 1) or in its presence (50 μM) for 1 h (lane 2) or 2 h (lane 3),
after which total RNA was isolated and subjected to RT-PCR analysis with
primers specific for AtTERT or AtUBQ1 (A) or for OsTERT or OsADH1 (B).
Lane M, 100-bp ladder of DNA molecular size markers. The numbers below the
panels express rates of band intensity of AtTERT andOsTERT fragment to that of
respective control gene fragment in each lane.
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assays. We also examined the effect of telomestatin on
telomerase activity in vitro by incubating plant cell extracts
with this agent for 30 min at 25 °C. Enzyme activity was
inhibited at concentrations of telomestatin approximately one-
fifth of those found to be effective for the corresponding intact
plant cells (Fig. 1B). The inhibitory effect of telomestatin (50
μM) on telomerase activity in Arabidopsis was apparent within
5 min of addition of the drug to the cultured cells (Fig. 1C).
These results indicate that telomestatin is an effective inhibitor
of plant telomerases, as it is for the human enzyme.
3.2. Telomestatin does not affect the transcript level of AtTERT
or OsTERT
Telomerase activity in Arabidopsis is regulated predomi-
nantly at the level of transcription of AtTERT, which encodes the
catalytic subunit of telomerase in this plant species [4,5]. Toexamine whether telomestatin affects the steady-state mRNA
level of AtTERT or that of the corresponding rice gene OsTERT,
we performed RT-PCR analysis with total RNA extracted from
telomestatin-treated cells. The amount of neither AtTERT
mRNA nor OsTERT mRNA was affected by exposure of
cultured cells to telomestatin (50 μM) for up to 2 h (Fig. 2).
These results thus indicate that telomestatin has no effect on the
level of TERT mRNA concentration in plants, consistent with
the observation that it has no effect on the transcription of
human TERT (data not shown).
3.3. Telomestatin interacts with plant telomere sequence
To determine whether telomestatin binds to the plant
telomeric repeat sequence and leads to formation of G-
quadruplex structures, we performed an electrophoretic
mobility shift assay. DNA oligomers with telomeric
sequences form intramolecular basket-type G-quadruplex
structures that migrate faster than nonstructured single-
stranded DNA [20,21]. An oligomer PTel4, which contains
four repeats of the plant telomeric sequence d(TTTAGGG)4,
was incubated with increasing concentrations of telomestatin,
at 20 °C for 30 min. At 20-nM concentrations of
telomestatin, a new high-mobility band appeared and its
intensity increased in a dose dependent manner, indicating
that telomestatin promotes or stabilizes the formation of the
intramolecular G-quadruplex on plant telomeres (Fig. 3A). In
a parallel experiment with a mutated oligomer (PTel4-Mut)
that contains four repeats of TTTAGAG instead of
TTTAGGG, conversion of linear DNA to the high-mobility
complex formed by telomestatin was not found (Fig. 3A),
suggesting that the contiguous guanine stretches play a key
Fig. 4. Telomere shortening induced by telomestatin in cultured Arabidopsis
cells. (A, B) Cells were cultured for 7 days in the absence of drug (lane 1) or
subcultured for two consecutive 7-day periods (lanes 2 and 3, respectively) in
the presence of telomestatin at concentrations of 20 μM (A) or 50 μM (B).
Genomic DNAwas then isolated from the cells and subjected to TRF analysis.
Lane M, EcoT14I-digested phage λ DNA labeled with digoxigenin (molecular
size markers). (C, D) Quantitative analysis of the telomere length data shown in
panels A and B, respectively. Lane numbers are shown in the upper left corner of
each panel and the mean values (m) for telomere length are indicated.
Fig. 3. Interaction of telomestatin with plant telomeric repeat sequence. (A)
Electrophoretic mobility shift assay. End-labeled oligonucleotides (indicated
below the panel) were incubated for 30 min with various concentrations of
telomestatin in reaction buffer. Two bands corresponding to linear DNA and G-
quadruplex were identified as previously described [22]. (B) Competition assay.
The end-labeled d(TTTAGGG)4 and various concentrations of unlabeled
oligomer were incubated with 0.2 μM telomestatin in reaction buffer.
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reported previously [22]. To further verify the formation of
the telomestatin–G-quadruplex complex, a competition assay
was performed. When an excess of cold-competitor oligomer
was preincubated with labeled oligomer and unbound
telomestatin, the cold competitor oligomer was able to
compete with the labeled DNA for telomestatin (Fig. 3B).
3.4. Telomestatin induces telomere shortening in Arabidopsis
cells
Inhibition of telomerase activity by various inhibitors
results in telomere shortening in human cancer cells [23]. We
therefore next evaluated telomere length by TRF analysis in
cultured Arabidopsis cells in which telomerase activity was
inhibited by telomestatin. Telomere length was reduced
slightly by culture of the cells for two successive 7-day
periods in the presence of 25 μM telomestatin (Fig. 4A, C),
whereas it was markedly decreased after the first 7-day
culture period in the presence of 50 μM drug (Fig. 4B, D).
Densitometric analysis showed that the mean telomere length
was reduced by 1.2 kb (from 2.1 to 0.9 kb) during the first 7-
day culture of the cells with 50 μM telomestatin (Fig. 4D);
given that the cell density increased from 1.8 × 105 to
3.6×106 cells/ml during this period (Fig. 5A), corresponding
to four to five cell divisions, the rate of telomere shortening
was estimated to be 240 to 300 bp per cell division.3.5. Telomestatin induces cell death in suspension cultures of
Arabidopsis
To determine whether inhibition of telomerase by telomes-
tatin affects plant cell growth, we counted cell number during
culture of Arabidopsis cells in the presence of telomestatin (50
μM). Whereas cell growth appeared unaffected by telomestatin
during the first 7-day culture period, suggesting that the drug
has no effect on growth per se, it was markedly inhibited during
the second culture period (Fig. 5A). Telomere shortening
induced by various telomerase inhibitors results in apoptotic
death in certain types of mammalian cancer cells [23]. To
determine whether telomere shortening triggers cell death in
plant cells, we examined the viability of cells cultured in the
presence of telomestatin (50 μM) by staining with trypan blue.
The proportion of dead cells increased markedly during the
second 7-day culture period in the presence of telomestatin (Fig.
5B). Electrophoretic analysis revealed that this telomestatin-
induced cell death was accompanied by internucleosomal DNA
fragmentation (Fig. 5C). These results thus suggest that
Fig. 5. Inhibition of cell growth and induction of cell death by telomestatin in
cultured Arabidopsis cells. (A, B) Cells were subcultured weekly in the absence
(open symbols) or presence (closed symbols) of telomestatin (50 μM). The
total cell number was counted after 1, 2, 4, and 7 days of each culture period
(A) and cell mortality was determined daily by trypan blue staining (B). Data
are means±S.E. of values from three independent experiments. (C) Cells were
cultured for 7 days in the absence of drug (lane 1) or subcultured for two
consecutive 7-day periods (lanes 2 and 3, respectively) in the presence of 50 μM
telomestatin. Genomic DNA was isolated, subjected to agarose gel electropho-
resis, and stained with ethidium bromide. Lane M, 100-bp ladder of DNA
molecular size markers.
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mechanism in Arabidopsis.
4. Discussion
We have shown that telomestatin, an inhibitor of human
telomerase, also effectively inhibits telomerase activity in
cultured plant cells. The inhibition of human telomerase activity
by telomestatin is thought to be mediated by reversible and/or
irreversible interaction of the drug with G-quadruplex structures
formed by single-stranded telomeric repeat sequences at
telomere ends [15]. In this study, we showed that telomestatindid not directly affect the rate of cell growth or transcription of
TERT in plant cells but did inhibit telomerase activity in plant
cell extracts. In addition, our results showed that telomestatin
interacts with the plant telomere sequence and possibly
facilitates formation of the G-quadruplex structures, implying
existence of such structures at natural telomere ends in plants. It
was thus suggested that the inhibitor blocks telomerase activity
directly by a mechanism similar to that operative in human cells.
In general, maintenance of telomere length is thought to be
responsible for persistence of cell proliferation capacity, and
telomerase activity has been shown to contribute to cell survival
during mitotic progression [24]. Conversely, telomere shorten-
ing triggers activation of the apoptotic pathway of cell death
[25]. Indeed, telomere dysfunction results in defects in the
function and morphogenesis of shoot apical meristems in
telomerase-deficient Arabidopsis lines [13]. Our data now show
that cell viability decreased rapidly after the onset of telomere
erosion in cultured Arabidopsis cells, suggesting that telomere
shortening below a threshold level induces cell death in this
plant species.
We observed a smearlike TRF profile in telomestatin-treated
Arabidopsis cells, which is distinct from the discrete ladderlike
pattern previously described for telomerase-null mutant lines of
this plant species [13], implicating as yet unknown mechanisms
for telomere length regulation in Arabidopsis. In addition, our
data indicate that the rate of telomere shortening in Arabidopsis
cells treated with a maximally effective concentration (50 μM)
of telomestatin was 240 to 300 bp per population doubling. In
telomerase-deficient Arabidopsis plants, it has also been
reported that only 250 to 500 bp of telomeres were lost in
each whole plant generation [13]. Therefore, such a large-scale
loss of telomeric DNA in telomestatin-treated cells far exceeds
the expected attrition due to replicative loss and is similar in
extent to the recombination-mediated catastrophic telomere
loss, known as telomere rapid deletion (TRD), in yeast and
mammals [26]. The TRD events in mammals have been
reported in mutations or reduced abundance of certain proteins,
which are associated with telomere, t-loop or TRF2 [26]. It has
been recently proposed that an alteration of G-overhang
conformation by telomestatin affects its capping by telomere
binding factors such as TRF2, which is essential for protection
of telomeric overhangs from nuclease digestions [27]. Studies
have shown that Arabidopsis also conserves TRF-like telomere
binding proteins [28,29]. Together, these results suggest that
interaction of telomestatin with Arabidopsis telomeres might
influence protective functions of such telomere binding
proteins, leading to marked reduction of telomere length.
As in mammals, cells of higher plants undergo apoptosis in
response to various abiotic and biotic stresses, including UV-
irradiation [30], oxidative stress [31], cold stress [32], exposure
to chemicals [33,34] and pathogen attack [35]. Our results now
indicate that the cell death triggered by telomere erosion in
Arabidopsis is mediated by an apoptotic-like manner, based on
detection of the internucleosomal chromosome fragmentation
that is characteristic of this mechanism of cell death. Possibly,
shortened telomeres induced by telomestatin treatment might be
considered as irreparable broken chromosomes that can activate
44 L. Zhang et al. / Biochimica et Biophysica Acta 1763 (2006) 39–44cell death pathway. Given the lack of proteins predicted by the
fully sequenced genome of A. thaliana that show homology to
those that mediate apoptosis in mammalian cells [13], however,
the mechanism of such cell death in plants remains largely
unclear. Our present data may provide the basis for development
of a model system for studies of the mechanism of plant cell
death activated in response to telomere dysfunction.
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